gladdened by Tung-Sol's announce-
ment last year of the 6550 pentode,
filling a long-felt need for an amplifier

HEARTS of audio designers were

tube in its power class. Previously,
tubes of this kind commoniy used in
American versions of the Williamson
circuit did not fill the demand for a
triode-connected output stage tube
which eould deliver the peak power re-
quirements of a home installation at
operating conditions well within the
tube's maximum rating. The 6550 is
rated to deliver 28 watts in the push-
pull triode connection, which allows a
safe reserve of power handling capac-
ity for those who wish to design con-
servatively even for a large home in-
stallation. In pentode operation a pair
of tubes will deliver 100 watts reliably.

Examination of the 6550 tube data
given in Table 1 shows that the most
unusual requirement is the large screen
current swing between ‘“no-load” and
“full-load” conditions. For operation at
the 100-watt output ratings, the cur-
rent swing of 4 to 41 ma. is at the limit
of what can be handled by VR tubes.
In actual practice it would be unwise
fo use VR tubes because normal-varia-
tions in line voltage to the amplifier
power supply would very likely shift
the current swing to a range that could
not be handled by the V# tubos Con
servative design dictates the use of a
separate 300-volt supply of good regu-
lation, If we are to realize the 100-watt
output at low distortion, a fixed bias
supply is also required. By now the
power supply problem alone looks for-
midable enough, on the grounds of
complexity and cost, to discourage the
&0

100-watt project. However, if a single
power transformer could be obtained
with all the necessary windings, the
problem would be relatively simplified
and much less expansiva, 3uch a trans-
lormer is availabie as the O isttgo
Standard PCR-300, from which hoth
screen and bias supplies can be taken
through taps on the main high-voltage
winding. The requirement of good regu-
lation on the screen supply is met by a
choke-input filter system, which fortu-
nately happens to provide exactly the
right voltage.

The same power transformer can be
used for triode operation if the plate
supply is changed from capacitor input
to choke input, reducing the voltage to
about 475. A unique feature is that a
d.c. heater supply for a separate pre-
amplifier can now be obtained from the
bias supply taps without exceeding
transformer eurrent ratings.

Pentode Operation

To make the most of the high power
output capability of the 6550, pentode
operation at 600 plate volts along with
fixed bias would seem sensible, A cir-
cuit along the lines of that made fa-
mous by Williamson no doubt would be
highly satisfactory, but in order not to
overlook other possililities, several al-
ternative circuits were | vestigated.

Some public attention has recently
been focused on the use of push-pull
feedback from the plates of both out-
put tubes. If the feedback is applied to
the driver cathodes, large amounts of
feedback can be used without danger
of oscillation. In a two-stage feed-
back system, oscillation eannot oceur

By
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because phase shift will not reach the
180 degrees required for oscillation,
Feedback in this case will reduce the
phase shift as well as amplifier gain,
thus making it easy to apply additional
feedback around the output trans-
former and still maintain stability,

Bearing in mind that the distortion
should be reduced by an amount equal
to the [eedback factor, it appears that
an amplifier with lower distortion than
the Williemson can be built because
greater feedback can suceessfully be
emplo, 1. This rosy outlook will re-
ceide a stiff jolt when an intermodula-
tion distortion meter is used to meas-
ure the results of such designs. Differ-
ent feedback cireuit configurations
were tried, all taken from both output
tube plates, and none gave lower dis-
fortion than when feedback from the
transformer output winding (a la Wil-
liomson) was used alone. The impor-
tant factor of balance between hoth
sides of the push-pull circuit was taken
into account,

Rather than waste space with a de-
tailed proof of these facts, let us look
at the results obtained by a reputable
manufacturer employing the foregoing
techniques. A widely advertised ampli-
fier on today's market uses push-pull
feedback from the output tube plates
plus feedback around the output trans-
former. The advertisement states that
36 db of feedback is employed and that
the intermodulation distortion at full
output is 1%. Now 36 db feedback is a
63 times reduction, and the initial am-
plifier distortion should be reduced
this much. However, tubes of the 5881
class used here can have IM distortion
25 low s 4% with no feedback. We can
therciore expect 0.06% IM with feed-
hack. The great discrepancy is due in
large part simply to the use of the two
kinds of feedback applied together as
described, one of which is not wholly
beneficial.

An attack on amplifier distortion
may well be aimed at the output stage
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alone since by far the most distortion
== introduced in this unit. Application
of plate-to-grid feedback will not do,
because aside from the question of
whether or not distortion is materially
reduced, we cannot tolerate reduction
of the a.c. grid circuit impedance to the
fow values which will result with the
S0.000-ohm maximum d.e. resistance
specified by the manufacturer in this
service. A more attractive method is
fo use a tertiary winding in series
with the cathodes. This cireuit, face-
“iously dubbed “super - ultralinear”
by Williamson, has not enjoyed the
popularity in this country that it de-
serves. With it, distortion levels lower
than those obhtained with triodes can
readily be obtained.” The feedback used
= 1007% effective in reducing distortion
and furthermore is fully compatible
with feedback applied around the out-
put winding. There is, however, a price
fo be paid. The driving voltage re-
quired on the output stage grid will be
increased by the feedback factor, Since
tubes customarily used as drivers are
already called upon to deliver a volt-
age swing which approaches the limit
fo be expected for low distortion, we
will reach a limit on the amount of
feedback that can be judiciously ap-
plied. A further limiting factor acting
against developing a high driving volt-
aze is the low value of grid resistance
required in this service. Hence the
BSNT is ruled out and, on the basis of
lest results, the 5687 was selected. To
secure the greatest possible voltage
output at the lowest distortion, it is
advisable to use the full plate supply
voltage of the 6550's on the 5687. A
ronsiderable portion of the success of
this amplifier is attributable to the
large distortion-free grid driving volt-
age available from the 5687 tube at
Impedances which suit the 6550 grids,

To offset the disadvantage of added
irive requirement we have an unusual
bonus in the way of distortion redue-
lion. Ordinarily, distortion is reduced
by the feedback factor, That is, il feed-
back is applied reducing amplifier gain
by 10 db, the distortion will hLe rto-
duced 10 db. In the push-pull stage,
local feedback applied in the manner
described results in a double reduction
in distortion. Ten db of gain reduc-
tion results in 20 db of distortion re-
duction or, in other words, the dis-
tortion is reduced by the square of the
feedback factor and not by just the
amount of the feedback factor. This
fact seems to have been overlooked or
ignored by some previous writers but
well deserves emphasis since it is not
common knowledge. It is probable that
earlier investigators missed the point
or failed to detect it because if only a
small amount of feedback is used, the
double reduction effect might not be
recognized, for the square of a small
number is not much greater than the
number itself. Matters like push-pull
imbalance and driver distortion could
mask small gains in distortion reduc-
tions. It is not until larger amounts
of this kind of feedback are applied
that appreciable gains in distortion re-
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D.C. Plate Voltage

D.C. Grid No. 2 Voltage

D.C. Grid No. 1 Voltage

Cathode Resistor

Peak A.F. Grid-to-Grid Voltage
Zero Signal Plate Current

Zero Signal Grid No. 2 Current
Maximum Signal Plate Current
Maximum Signal Grid No. 2 Current
Load Resistance

Power Output

Harmonic Distortion

Maximum Grid Circuit Resistance

PUSH-PULL AMPLIFIER
(Values are for two tubes)

Pentode Triode
Fixed bias  Self bias
400 600 400 450 volts
278 300 300 volts
—23 0 —46 volts .
—_ —_ 140 ohms
46 62 53 92 volis
180 115 166 150 ma.
9 4 1.5 ma.
270 273 190 220 ma.
44 41 39 ma.
3500 5000 4500 4000 ohms
55 100 41 28 watts
3 2.5 4 2.5 per-cent
50 50 250 250 kilohms

Table 1. Typical operating characteristics for the Tung Sol B550 tube,

duetion can be measured to any degree.

The output transformer selected was
the new Chicagn Standard “Supoer-
Range” tiensformer developed cspe-
cially for the 6550's and employing a
tertiary winding designed to give the
maximum practical feedback. TM dis-
tortion using only this type of feedback

is under one per-cent. A moderate
amount of feedback added around the
output transformer will readily bring
distorticr down to levels so low that it
is on ur below the threshold levels which
a conventional IM distortion meter can
measure, It was established that 14
db of outside feedback is suflicient to

The pentode version of the 100-wait amplifier using the new 6550 {ubes.
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Ri—3300 ohm, V4 w. res.

R:—680,000 ohm, Vy w, res.

Rs—270 ohm, Vs w. wirewound res. (IRC Type
BW-14)

R—47,000 ohm, 1 w. res.

Ri—12,000 ohm, 1 w. res.

Re—3000 olim pot (“Balance Adjustment™)

R7—15,000 ohm, 1 w. res,

Rs, Ro—1 megohm, 15 w, res.

Rio—470 ohm, Vy w. res.

Ris, Ru—25,000 ohm, 10 w. wirewound res.

Ris, Riy—56,000 ohm, V4 w. res.

Ris, Rie—2700 ohm, Vy w. res.

Ri—4700 ohm, 2 w, wirewound res. (IRC
Type BW-2)

Ris—5600 ohm, 1 w. res.

Riv—3300 ohm, I w. res,

Reo, Res, Rer, Res—68,000 ohm, 2 w. yves.

R1—4700 ohm, 2 =, res.

Res, Rea—10,000 ohm pot

C+—.001 pfd.. 600 v. mica or ceramic capacitor

Ce—.01 ufd., 600 v. mica or coramic capacitor

Cs, Cy—.1 pfd., 600 v. capacitor

Cs—30 pfd., 25 v, elec. capacitor

Ce, Cr—.075 pfd., 1000 . capacitor

Cs, Cr—20 pfd., 450 ». elec. capacitor

Cr, Cir, Cis, Crr—80 pfd., 450 v. elec. capacitor

Cuy, Cu-—50 pfd., 150 v. elec. capacitor

Cu, Cp—20 pfd., 450 v, elec. capacitor

CHi—Reactor (Chicago-Standard RC 8300)

CHs, CHs—Reactor (Chicogo-Standard RC
1585)

Tr—Power trans, 1100.740-150 . @ 300 ma.;
Sv. @ 6amps; 6.3v. @ 5 amps; 6.3 v. @
1 amp. (Chicago-Standard PCR-300)

Ts+—Qutput trans. (Chicago-Standard “Super
Range” BO-14)

SR1, SRe—Selenium rectifier, 130 ». @ 20 ma.

Vi—6SN7 tube

Ve—5687 tube

Vs, Vi—&6550 tube

Vi, Vi—35U4 tube

Vi—6X4 tube
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Intermodulation distortion of the amplifiers, 80 and 5000 cps, mixed 4:1,

bring the amplifier distortion down to
the same order of magnitude as the re-
sidual of the meter used in these tests,
ie, 1% at 100 watts. Thus the total
feedback of about 20 db in both sides
of the push-pull stage brings the net
feedback to 34 db applied to the whole
amplifier,

Some attention must be paid to bal-
ance of the push-pull stages if this
phenomenally low figure of distortion
is to be realized. The best way is to ad-
just the balance control while observy-
ing either harmonic or IM distortion.
A second choice is to read a.c. grid
voltages on the 6550's and adjust the
balance control for equal amounts on
each grid. If neither of these methods is
possible it will be sufficiently acecurate
to adjust the balance control to give
equal resistances in the plate and cath-
ode of V,,.

Power output developed by the tubes
and supplied to the output transformer
will be 100 watts. Feedback circuit
losses plus transformer losses will re-
duce the power supplied to the load to
about 90 watts. An input level of two
volts is required for full output.

Triode Operation

A triode amplifier can he built using
the same major components as the pen-
tode-connected amplifier. The power
and output transformers are admirably
suited to the triode requirements. By

using choke input on the high-voltage
supply, the proper plate vollage will be
obtained for triode-connected 6550's.
The screen supply is now no longer
needed and its components can be dis-
pensed with. For greatest economy the
bias supply can also be omitted, and
self bias used. In this case the power
output delivered to a load will he 25
watts. If fixed bias is used, an addi-
tional plate voltage equal to the bias
voltage then becomes available, and the
output will be 30 watts. In cither case
the same low figures of distortion will
be obtained. Required input level is 1.6
volts.

Tertiary feedback can also he profit-
ably employed. However, since the ini-
tial stage gain is lower than in the case
of the pentode version, less feedback
becomes available with the same ferti-
ary winding. Nevertheless it is profit-
able to use this kind of feedback since
it alone will reduce amplifier distortion
te 0.4%. Feedback on both sides of the
push-pull stage is 7 db and with 14 db
of feedback added around the output
transformer, residual distortion is too
low to be measured. Calculated IM dis-
tortion is 0.08% and this is borne out
by examination of the residual oseillo-
scope trace of IM meter output. These
figures were obtained by merely bal-
ancing the drive voltages to the 6550
grids. If an IM meter is available it is
possible to get the IM down to about

The exireme simplicity of the pen‘ode amplifier is revealed by this under-
chassis view. The power transformer has lugs rather than leads. The PCR-
300 specified has leads and is sugqgested herein since it is less expensive.

0.06% at 25 watts equivalent sine-wave
output.

These remarkably low figures of dis-
tortion are due in part to the superla-
tive output transformer. By using the
transformer at one-fourth of the out-
put power capabilities, distortion con-
tributed by the transformer is virtually
Zei'0.

"Ultra-Linear" Operation

The output transformer used for
pentode and triode operation also has
taps  for “Ultra-Linear" operation
placed at the position on the plate
winding which gives minimum distor-
tion. The feature of “Ultra-Linear” op-
eration is that an output power greater
than that obtained from triodes can be
obtained at a distortion level interme-
diate hetween that of triodes and pen-
todes without the complication of a
screen supply.

It has been experimentally deter-
mined that small amounts of tertiary
feedback do not produce any reduction
of distortion in this case, probably be-
cause of masking effects of the screen
feedback. However, sufficient feedhack
is available in this output transformer
to bring about a four times reduction
in distortion through use of the tertiary
winding alone. Addition of 14 db of out-
side feedback to this 12 db of tertiary
feedback brings the net amplifier dis-
tortion to 0.25% IM. Amplifier input
vequired is 1.7 volts for full output of
40 watts sine-wave power using self
vias on the 6550's and essentially the
same components and cirecuitry as for
the triode version.

Feedback Considerations

Ne instability problems will be ex-
perienced in using tertiary feedback
since it is applied around only one
stage. For this reason it is well to use
as much feedback as possible in this
position in the circuit. Fortunately it
turns out that with a given tertiary
winding, greatest feedback will' be ob-
tained in a pentode stage where it is
most needed. Fidelity obtained in the
pentode circuit is very nearly compa-
rable to that of a triode stage using
the same transformer. In view of the
greater power efficiency of pentodes,
triodes will be the second choice in a
circuit of this type.

Tertiary feedback has been tried
with other tube types with similar good
results. It seems that this kind of feed-
back should find wide application in
low power amplifiers, where the
smalier driving voltages required sim-
plifies the design problem.

To equal the performance of most
amplifiers on the market, it will not be
necessary to use feedback around the
output transformer in addition to ter-
tiary feedback. But since there are no
problems peculiar to combining these
two kinds of feedback, it is a relatively
simple matter to add outside feedback,
It should be noted that outside feed-
back will not be necessary to reduce
the amplifier output impedance since
tertiary feedback will take care of that
matter.?
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The considerations involved in apply-
‘mz feedback around several stages
seem to be well known but not always
soplied. In simplest terms, the require-
mwent is that all stages except one shall
Save a flat frequency response extend-
‘=z well past both ends of the audio-
frequency spectrum, and that one stage
s5all be rolled off in response at both
wwds of the spectrum. Failure to ob-
wwrve these principles in several near-
wopies of the Willinmson circuit has
semetimes resulted in unstable per-
fwemance and consequent unjustified
wxiticism of the Williamson cireuit. The
=reatest error in current practice is to
szmore the requirement at the high fre-
weency end where ripest opportunities
for irouble exist. Conditions of reso-
Sance or near resonance in the output
fransformer at ultrasonic frequencies
wil usually produce the amount of
pase shift required for oscillation un-
fess steps are taken to reduce ampli-
Ser gain at those frequencies, A very
wimple means of doing this is by a re-
ssfance-capacitance combination intro-
“eced at the plate of Vy, (R,-C,). IT this
% omitted, the tube and wiring capaci-
fances must be trusted to do the job,
and they may not.

At the low-frequency end of the
spectrum the primary shunt inductance
@ the output transformer in series
with the output tube plate resistance
furnishes a smooth roll-off. The trouble
wihich sometimes arises, manifested by
motorboating, is due to not carrying
‘he amplifier frequency response flat
for enough below the transformer's
mil-off frequency. This situation is ag-
gravated by today's output transform-
#r= which are designed with the large
‘mductance necessary to get low inter-
modulation distortion. The roll-off fre-
weency, then, is so low it is incon-
vemient to use interstage coupling net-
works large enough for the requisite
frequency response. Requirements for
lew frequency roll-off can be more effi-
mently met by tailoring one of the in-
ferstage coupling networks. Either the
last stage or driver stage input cou-
pling capacitors can be reduced in size.
Ihe phase shift introduced will be in
%= opposite direction of that due to
fransformer inductance and will tend
o offset the latter in a beneficial way.
Simce a Jow value of grid resistance is
ipecified for the 6550's, the logical place
lo use small coupling capacitors is at
lese grids,

The finished amplifier embodying
[Bese principles is stable and trouble-
fee. No ringing appears on square-
@ave response. In the pentode-con-
fected amplifier, frequency response is
fown 3 db at 100 ke. from mid-fre-
fwency response, and down zero db at
0 cps. This is excluding R.-C. It is
fise to include R.-C. to reduce possible
pmwanted signals below the audible
fpectrum. The amplifier will deliver
felly as much undistorted power at 20
= as at mid-frequencies.

It may occur to the reader that it
#ould be possible to use the transfor-
mer secondary as the feedback wind-
== On output transformers that have
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Maximum power output of pentode and triode versions of the 100-watt amplifier.

4, 8, and 16-ohm taps, the center tap of
the 16-ohm winding is at 4 ohms. If the
4-ohm tap is grounded, the ends of Lhe
winding coil could be returned to the
cathodes of the output stage. This
reasoning neglects the fact that the
output winding has a low impedance
load imposed on it, whereas the terti-
ary does not. As a result, the voltage
fed back is unsuitable, especially where
the load is a loudspeaker with its vary-
ing resistance and reactance. No simple
substitute for the tertiary exists.

A choice of a maximum of 14 dh
feedback around the output transfor-
mer was made for several reasons.
First, that amount is usually sufficient
to bring distortion below that of most
amplifiers on the market. Second, if
more feedback were used, amplifier in-
put voltage requirements would he
beyond that which can be obtlained at
low distortion from some preamps.
Third, instability problems are less
likely to occur. Tertiary feedback does
not aggravate the stability problem in
applying outside feedback, rather it
eases the problem, Stahle operation
with as much as 40 db outside feedback
has been obtained by proper attention
to control of frequency response.

Current feedback can be more read-

ily applied than in conventional ampli-
fiers. One way of looking at the situa-
tion is to consider that tertiary fecd-
back reduces amplifier distortion, and
current feedback around the ouiput
transformer reduces loudspeaker dis-
tortion. However, in a general purpose
or distribution amplifier, current feed-
back may be undesirable and there-
fore has been omitted. Those desiring
it can easily include it by placing an
adjustable resistor of not more than
two ohms in series with the output
winding and returning the eathode of
Vis to the junction. The negative volt-
age feedback from the output should
then be omitted,

Two elear-cut advantages result
from use of a tertiary winding: an
amplifier of lower distortion can be
built, and feedback is more easily ap-
plied without oscillation troubles. This
has made it possible to produce an
amplifier setting a new high standard
combining features of fidelity, effi-
ciency, simplicity, and power output.
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Triode version of the amplifier. Parts not listed herewith are the same
as those specified for the peniode version shown on page Bl of article,
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All other parts are the same as shown in paris list ac: p

SUPPLY B5v 150MA.

Rer—300 ohm, 10 w, res.

Res, Rie—220,000 ohm, Vs w, res.

Rso—1200 ohm, I w. res,

Re+—3300 ohm, 2 w, wirewound res (IRC Type
BW.2)

Rst, R3s—220 ohm, Vs w, yes,

Cmy Car—20 pid., 450 v. elec. capacitor

Cis, Ca—.02 pjd., 1000 v, capracilor

SR, SRy--Selenium rectifier, 130 v. @ 75 ma.

ying peniode version (Page 61),
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